Multidrug resistance mechanisms underlying the intractability of malignant melanomas remain largely unknown. In this study, we demonstrate that the development of multidrug resistance in melanomas involves subcellular sequestration of intracellular cytotoxic drugs such as cis-diaminedichloroplatinum II (cisplatin; CDDP). CDDP is initially sequestered in subcellular organelles such as melanosomes, which significantly reduces its nuclear localization when compared with nonmelanoma͞KB-3-1 epidermoid carcinoma cells. The melanosomal accumulation of CDDP remarkably modulates melanogenesis through a pronounced increase in tyrosinase activity. The altered melanogenesis manifested an Ϸ8-fold increase in both intracellular pigmentation and extracellular transport of melanosomes containing CDDP. Thus, our experiments provide evidence that melanosomes contribute to the refractory properties of melanoma cells by sequestering cytotoxic drugs and increasing melanosome-mediated drug export. Preventing melanosomal sequestration of cytotoxic drugs by inhibiting the functions of melanosomes may have great potential as an approach to improving the chemosensitivity of melanoma cells.
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cancer ͉ melanosomes ͉ skin ͉ tumor therapy ͉ multidrug resistance T he incidence of melanomas, one of the most aggressive forms of cancer, has increased rapidly and now ranks fifth among the most common cancers in the United States (1) . According to the American Cancer Society, there will be Ϸ62,000 new diagnoses of melanoma in the U.S. in 2006, and Ϸ7,900 people will die of this disease (see www.cancer.org). Melanomas are intrinsically resistant to radiation therapy and to many chemotherapeutic drugs that act on DNA, microtubules, and͞or topoisomerases. Thus, researchers have recently begun to focus on the development of immunochemotherapy of melanomas, with some promising results (2, 3) .
Unraveling the mechanisms of drug resistance in melanomas could help to improve current therapeutic approaches; however, the precise mechanisms underlying these refractory properties are still unknown (4-7). Previously, we reasoned that one potential mechanism for the intractability of melanomas to chemotherapy might be attributed to the presence of melanosomes in those tumors (7) . Melanosomes are membrane-bound compartments that are unique subcellular organelles found in pigmented cells and that protect melanocytes against the harmful effects of toxic intermediates produced during melanin synthesis (8) .
As we have recently proposed, one potential mechanism that might account for multidrug resistance (MDR) in melanomas is intracellular melanosomal drug trapping and active melanosome-mediated drug export (7) . In this study, we further verified these hypotheses by directly comparing the melanosomal sequestration of cytotoxic drugs such as cis-diaminedichloroplatinum II (CDDP) in melanoma and nonmelanoma cells and by examining melanogenic changes that are related to extracellular melanosome export in melanoma cells treated with CDDP.
Results and Discussion
Cytoplasmic and Melanosomal Sequestration of Alexa Fluor-Labeled CDDP. Melanoma cells are intrinsically resistant to many chemotherapeutic drugs that act on DNA (Fig. 1A and Fig. 5B , which is published as supporting information on the PNAS web site), microtubules, and͞or topoisomerases (data not shown). To unravel the mechanism of drug resistance in melanomas, we examined whether cytotoxic drugs in melanoma cells could be trapped in subcellular organelles (such as melanosomes, lysosomes, the Golgi apparatus, and͞or other vesicles), and we compared the intracellular retention of Alexa Fluor 546-labeled CDDP (AF-CP) (AF546CP; Invitrogen-Molecular Probes) both in MNT-1 melanotic melanoma (9) and in KB-3-1 epidermoid carcinoma (10-12) cell lines after incubation with the chemical for 2 h. As shown in Fig. 1B , intracellular accumulation of the drug was observed in the cytoplasm of MNT-1 cells but not in the nuclei of those cells ( Fig. 1 B4 and B5) . In contrast, the nonmelanoma cells (KB-3-1) accumulated significant amounts of AF-CP both in the cytoplasm and in the nuclei ( Fig. 1 B1 and  B2 ). These data suggest that the cytoplasmic trapping of AF-CP in melanoma cells prevents its further nuclear accumulation.
To determine whether AF-CP was localized in melanosomes, we performed immunofluorescence confocal analysis of the distribution of AF-CP with the stage II melanosome marker HMB-45. Our results indicated that AF-CP was predominantly distributed in the cytoplasm and was sometimes concentrated in the region proximal to the plasma membrane, where it colocalized with HMB45 (Fig. 1C) . Of note, the cytoplasmic accumulation of AF-CP was markedly reduced in more highly pigmented cells, an indication of the presence of later stages of melanosomes, such as stage III͞IV or IV melanosomes (e.g., in the cells labeled c, d, and g of Fig. 1D3 ). These data are consistent with the absence of HMB-45 staining in mature melanosomes due to epitope masking by melanin ( Fig. 1 D2 and D4) . Stage II or II͞III melanosomes seem to possess greater capacities to accumulate CDDP; however, the underlying mechanisms for this accumulation remain to be determined. We previously studied Alexa Fluor-and [ 14 C]-labeled CDDP and found that they had similar biological behavior in terms of their drug uptake, efflux, and subcellular distribution in KB-3-1 cells and their CDDP-resistant derivatives (10, 12) . Hence, AF-CP reflects at least some biological properties of unmodified CDDP.
X-Ray Mapping of CDDP in Melanosomes of Melanoma Cells.
It also has been noted that AF-CP forms monofunctional adducts on genomic DNAs and might have some differences compared with unmodified CDDP with respect to reactivity to its cellular target (S. J. Lippard, personal communication). To verify the results obtained from the experiments with AF-CP, we directly analyzed the intracellular retention of the unmodified CDDP both in MNT-1 and in KB-3-1 cells by using an x-ray microprobe (13) (Fig. 2) . To validate the results presented in Fig. 1B , we compared the intracellular retention of CDDP in MNT-1 and KB-3-1 after a 2.5-h incubation with 104 M CDDP. As shown in Fig. 2 , the intracellular accumulation of CDDP (i.e., Pt) in MNT-1 cells (Fig. 2 A5) was much less than was observed in KB-3-1 control cells (Fig. 2 A2) , which manifested enhanced nuclear accumulation of CDDP accompanied by a typical apoptotic morphology, including nuclear disruption and plasma membrane blebbing (Fig. 2 A1) , that was not seen in MNT-1 cells (Fig. 2 A4) . Clearly, these data reveal fundamental differences between melanoma and nonmelanoma cells in terms of their subcellular CDDP distributions, which could account for differences in chemosensitivity in in vitro cellular models ( Fig. 1 A) and in melanoma patients (2) .
We next analyzed the intracellular retention of unmodified CDDP in MNT-1 cells that were treated with a sublethal concentration (2 g͞ml or 6.7 M) of CDDP (Fig. 2B ). In this case, the intracellular accumulation of CDDP was markedly reduced in the nuclei of the cells when compared with that in the cytoplasm (Fig. 2B2) , consistent with the data in Fig. 1B . To determine whether CDDP was localized in melanosomes, we compared the pattern of the subcellular uptake of Zn with that of Pt. We found that the Pt-containing compounds colocalized well with Zn, which was predominantly colocalized with melanosomes in MNT-1 cells (Fig. 2 B2 and B3) . The melanosomal localization of Zn and Pt was further confirmed by the emission spectrum of the elements, which was generated directly from melanosomes (only the Pt and Zn emission spectrums are shown in Fig. 2C ). Thus, we could colocalize Ͼ50% of the Pt-containing compound (CDDP) within melanosomes. These data indicated that the Pt-containing compounds are indeed mainly trapped in subcellular organelles such as melanosomes.
Altered Melanogenesis and Accelerated Melanosome Export in CDDP-
Treated Melanoma Cells. Subsequently, we asked the question: What is the fate of melanosomes that accumulate cytotoxic drugs? We speculated that, in melanocytes and in melanomas, export of melanosomes might provide protection to the cells from the cytotoxic effects of melanin intermediates and anticancer agents, resulting in MDR in these cells. To further examine the role of melanogenesis in conferring MDR to melanomas, we treated MNT-1 cells with 6.7 M CDDP for 2 weeks, which resulted in increased melanogenesis and increased numbers of melanosomes (Fig. 3A) . These changes included a pronounced decrease in cellular proliferation concomitant with a 6-to 10-fold increase in the biogenesis of stage II and II͞III melanosomes (Fig. 3 A1-A3 ) when compared with melanomas treated with high doses (104 M or 400 M) of CDDP (Figs. 2 A4 and 3A2, respectively). We also found a marked (7.3-fold) increase in intracellular pigmentation (Fig. 3B2) and an 8-fold increase in the secretion of melanin-containing melanosomes (Fig. 3 B1, B3, B4, and C) . The rate-limiting melanogenic enzymatic activity mediated by tyrosinase was increased 11-fold in CDDP-treated MNT-1 cells as compared with untreated controls (Fig. 3D) , suggesting that enhanced melanogenesis in CDDP-treated cells may be due to enhanced tyrosinase activity. Our data suggest that various anticancer drugs that possess different modes of action (e.g., the antimicrotubule drug vinblastine) can also modulate melanogenesis in melanoma cells (Fig. 5 , and Supporting Results and Discussion and Fig. 6 , which are published as supporting information on the PNAS web site), suggesting that the increase in melanogenesis is a general stress-response mechanism in melanoma cells.
The consequences of enhanced melanogenesis within melanosomes would be an increase in the production of melanin and its intermediates, which are also cytotoxic to the cells. To prevent the cytoplasmic toxicity of these altered melanosomes (e.g., stage III͞IV with an acidic compartment and cytotoxic drugs) in melanoma cells, the melanosomes must be exported from the cells by means of melanosome transfer (Fig. 3 B and C) . We also confirmed the intracellular trapping of CDDP by using inductively coupled plasma MS in secreted melanosomes (see Supporting Methods, which is published as supporting information on the PNAS web site).
Obviously, an increase in the generation of stage II͞III melanosomes may have a direct effect on increased melanosomal trapping (Fig. 1D) . We also compared CDDP sensitivity between amelanotic SK-MEL-28 cells (containing stage I and II melanosomes) and SK-MEL-24 cells (having a few stage I melanosomes). Our results indicated that SK-MEL-28 cells have 10-fold higher levels of CDDP resistance than SK-MEL-24 cells in terms of the numbers of colonies formed after cytotoxic treatment (Fig. 7 , which is published as supporting information on the PNAS web site). Thus, the components that regulate the dynamics of melanosomes (i.e., melanosome numbers, melanosomal trapping, and export) are likely involved in drug resistance.
Melanosomal membrane transporters, because of their direct roles in drug transport or sequestration, might play an important role in conferring MDR in melanomas. We have recently identified a cluster of ATP-binding cassette transporters (ABCA9, ABCB5, ABCC2, and ABCD1) that are overexpressed in melanoma cells (14, 15) . In particular, ABCB5 was found to be preferentially expressed in pigment-producing cells, including melanotic melanoma and the majority of amelanotic melanoma cells (15) . Experiments are needed to verify whether these ABC transporters are directly involved in melanosomal sequestration of cytotoxic drugs such as CDDP.
Melanosomal Enzymes, Melanin Content, and Drug Sensitivity. It has not been determined whether tyrosinase and melanin are directly involved in drug resistance. There is evidence in the literature that, in vitro, melanin inhibits the cytotoxic effects of both doxorubicin and daunorubicin, but not CDDP, in MOLT 4 cells, because CDDP does not bind to melanin (16) , suggesting that melanin might play a role in conferring drug resistance in vivo. Thus, we also compared the drug-resistant phenotypes of MNT-1 and UACC-257 melanoma cells, which have large differences in melanin content (Fig. 5A) , and found that there is no difference in CDDP sensitivity between these two cell lines (Fig. 5B) . Furthermore, Pak et al. (17) initially reported that tyrosinase-related protein 2 (TYRP2) confers CDDP resistance that is independent of tyrosinase activity, tyrosinase-related protein 1 (TYRP1), and melanin content, suggesting that tyrosinase activity and melanin are not absolute requirements for the development of drug resistance. Other melanosomal enzymes, such as TYRP2, may possess the ability to confer drug resistance.
In summary, the development of MDR in melanomas involves the subcellular sequestration of intracellular CDDP (Fig. 4) . CDDP is initially trapped in subcellular organelles such as melanosomes, which significantly prevents its further nuclear accumulation when compared with nonmelanoma cancer cells (Figs. 1 and 2 ). In the second phase, melanosomal uptake of CDDP remarkably alters the melanogenic pathway, which manifests as a pronounced increase in tyrosinase activity and intracellular pigmentation (Fig. 3) . Finally, the altered melanogenesis accelerates extracellular transport of melanosomes that contain CDDP.
Our experimental data suggest that CDDP resistance in melanomas is associated with melanosome-mediated trapping and export of CDDP. Thus, many therapeutic implications could be derived from this study. In principle, the components of the entire melanogenic pathway could be molecular targets for the therapy of melanomas. Targeting of the rate-limiting steps of the melanogenic pathway may provide novel approaches to modulating MDR in melanomas. For example, inhibition of melanogenesis by down-regulation of melanosome biogenesis would be an effective way to dramatically reduce the intracellular trapping of cytotoxic drugs and enhance genomic cytotoxicity. Fig. 4 . Schema of CDDP resistance mechanisms in melanomas. Melanoma cells become resistant to CDDP anticancer drugs by several sequentially occurring mechanisms (7) . In an initial phase, drug resistance could occur as a result of reduced drug influx (e.g., reduced endocytosis, reduced activity of an importer, or increased energydependent efflux). Once they enter cells, drugs could be ensnared in subcellular organelles such as melanosomes ( Figs. 1 and 2 ) or other vesicles and exported from cells by enhanced melanosome transfer mechanisms that are conserved in melanocytes (Fig. 3) . I-IV, stage I-IV melanosomes.
Materials and Methods
stained with the monoclonal antibody HMB-45 against Pmel17 (DAKO). Confocal microscopic analysis was performed as described in ref. 19 . Image analysis was performed with the LSM 510 confocal microscope and its associated colocalization software (Zeiss).
Isolation of Secreted Melanosomes and Electron Microscopy (EM).
MNT-1 cells were treated in the presence or absence of 6.7 M CDDP for 2 weeks. The cell culture medium was collected in the presence of 1 mM PMSF and 1ϫ protease inhibitor cocktails (Sigma-Aldrich) and centrifuged at 503 ϫ g to remove cell debris. The supernatants were collected and ultracentrifuged at 157,882 ϫ g for 1 h at 4°C. The melanosome-containing pellets were then resuspended in PBS and stored at Ϫ80°C before use. The protein concentrations were determined by the bicinchoninic acid method (BCA; Pierce). The identity of secreted melanosomes was confirmed by conventional EM (Fig. 3 B3 and B4) .
Measurement of Melanin Content and Melanogenic Assays.
Melanin content was determined as described in ref. 20 . Melanogenic assays were performed by examining tyrosinase activity, as described in ref. 21 .
Direct Mapping of Metal Complex Uptake by a Hard X-Ray Microprobe.
MNT-1 melanoma cells were treated with a series of CDDP concentrations (0, 6.7, 104, and 400 M) at 37°C at different time points. The cells were then trypsinized and prepared for EM analysis by high-pressure freezing, freeze substitution in acetone͞glutaraldehyde, and embedding in LR White or Lowicryl HM20 resin (Electron Microscopy Sciences, Hatfield, PA). Gold specimen carriers were used instead of brass. The sections were nominally cut to a thickness of 300 nm and were mounted on indexed gold grids. The unstained sections were imaged by a 300-kV transmission electron microscope to provide correlative ultrastructural data. The unstained images were examined and photographed. The specimens were further analyzed by using the 2-ID-D fluorescence x-ray microprobe at the Advanced Photon Source (Argonne National Laboratory) (13) .
